Introduction
At present, there is much interest in pursuing optical frequencies for deep space communication.
Some of the advantages gained through the use of optical communication are: (1) higher data rate communication, (2) smaller size and mass components on the spacecraft compared to equivalent performance radio frequency systems (due to shorter wavelengths), and (3) precise navigational tracking of spacecraft against the stellar background with a single optical receiving station.
When considering these advantages, one must also consider the cost of such a system and compare it to the corresponding quantities for other methods of providing equivalent service.
A detailed cost model of an entire deep space optical communication system is very difficult to create.
It involves not only the spacecraft and Earth reception ends of the link, but the infrastructures which operate the overall system as well. To build up such a model requires a concentrated effort on a number of individual ingredients. Here, we concentrate on one of those ingredients.
The most desirable location for an optical receiving station is in Earth orbit. However, in all likelihood a ground -based station will both preceed, as well as augment, an orbiting station.
To understand the cost of a ground -based station one must consider also a number of elements.
These include the telescope with its mount and pointing control, the dome or protective structure, site preparation, focal plane optics or electronics, control room electronics, ground communications links and the necessary software. Furthermore, recurring costs like maintenance, operations, utilities and spares are also important to consider.
In this article, we consider one of the above elements of a ground -based station; the optical telescope (telescope costs include costs associated with telescope mount and telescope pointing control).
This element is believed to be one of the major cost ingredients for such a station and the size and quality of the telescope have a bigger impact on the performance of an optical link than any of the other station elements.
The general approach to this analysis is as follows:
An analytical expression which describes telescope cost as a function of diameter and minimum telescope field -of -view (determined by the surface quality of the primary) will first be determined. In order to relate telescope cost to optical communication performance, communication performance is considered as a function of telescope diameter and field -of -view.
These two results are coupled together to yield telescope cost as a function of communication performance with telescope diameter and telescope quality as free parameters.
From this, the optimum telescope diameter and surface quality are chosen as a function of performance.
The result is a final cost versus performance curve for a single ground -based optical telescope. A schematic depicting the approach is given in Figure 1 .
Analysis
In recent years, several large telescope systems have been or are being built. It is from data on cost and performance of these telescopes that we base our projections. The diameter and surface quality of the telescope determines the cost of the telescope. In Figure 2 , the costs of various systems have been graphed as a function of diameter for numerous values of surface quality [1] . In order to facilitate the formulation of an analytical model, straight line approximations have been drawn through points on the graph which correspond to telescopes of similar surface quality. For example, UAM, UKIRT, MMT, SMT and NNTT all have a blur circle of approximately one arc sec [2] . The line through MMD,corresponds to telescopes of 10 arc sec [2] .
Finally, the solar collectors and radio
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(See Table I for definition of acronyms)
telescopes correspond to about 5 arc minutes [2] . As can be seen from the graph, of Figure 2 , similar surface quality telescopes form parallel linear lines on the log /log graph.
As the diameter or surface quality increases, telescope cost also increases. An analytical expression which describes these lines can be formulated in the following form: Table I for definition of acronyms)
telescopes correspond to about 5 arc minutes [2] . As can be seen from the graph, of Figure 2 , similar surface quality telescopes form parallel linear lines on the log/log graph. As the diameter or surface quality increases, telescope cost also increases. An analytical expression which describes these lines can be formulated in the following form:
where x and a are scaling factors, D = diameter, and C = cost.
(1) Values for x and a were numerically determined from Figure 2 . It was found that x, the slope of the parallel linear lines, varied from 2.4 to 2.8, so x = 2.6 was assumed as an average. a , the y intercept point, was then determined (using x = 2.6) to scale as follows: = F -.94 (106)/9.15 (2) where F is the telescope surface quality limited field -of -view in arc sec.
(The quantity F refers to the minimum field -of -view or minimum spatial resolution of the telescope, as determined by the quality of the telescope primary surface.
The overall field -of -view of the telescope will be much larger.) As an example, consider a 5 meter telescope with a 10 arc sec field -of -view.
From Equations 1 and 2, we find the cost of such a telescope to be approximately .8 million dollars which agrees reasonably well with the graph in Figure 2 . As a first order approximation we have equated surface quality given by the blur circle to the field -of -view of the system and assumed all the light collected is incident on the detector. This is a valid assumption since we are using the telescope as a "light bucket ".
In order to determine the necessary telescope diameter and field -of -view, it was necessary to relate these parameters to performance of the resulting communication system. To do this, we first established a reference X -band link which consisted of a 4.5 meter spacecraft antenna with a 10 Watt X -band transmitter (25 Watts of raw spacecraft transmitter power) and a 1985 vintage 64 meter X -band receiving system. Such a reference system is capable of 26 Kbps data transfer from Saturn.
We then defined a strawman optical system which consisted of a 28 cm spacecraft telescope, the same raw spacecraft transmitter power and the same link range. Using manual and computer analysis tools, the performance of the strawman optical system was then calculated for various values of receiver diameter and field -of -view.
The performance was quantified in terms of achievable data rate. These values were then compared to 26 Kbps (the reference system) to determine communications performance gain.
Both daylight conditions and moonless night conditions were addressed. By combining a larger diameter with a smaller field -of -view, the system performance is increased. However, as we previously observed in Figure 2 , increasing diameter and /or decreasing field -of -view (increasing surface quality) results in higher cost.
Since we want to have the highest performance for the least cost, system performance and results of figure 2 must be coupled together and optimized.
A set of curves, which couples this information together, for 5m, 10m, and 15m telescopes are graphed in Figure 3 . In this figure, we have included both the daylight background and moonless night background cases. We observe that costs rise sharply as we require narrower field -of -view.
However, we also observe that if a specific curve rises sufficiently, using a larger diameter telescope with a wider (poorer surface quality) field -of -view produces the same performance at a reduced cost. Values for x and a were numerically determined from Figure 2 . It was found that x, the slope of the parallel linear lines, varied from 2.4 to 2.8, so x = 2.6 was assumed as an average. a , the y intercept point, was then determined (using x = 2.6) to scale as f ol 1 ow s : a = F (10 6 )/9.15 (2) where F is the telescope surface quality limited f ield-of-view in arc sec.
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We have developed a model to relate the cost of an optical telescope to the resulting optical communications performance.
This was done by relating available telescope cost data to a pair of parameters, the telescope diameter and a measure of telescope quality. These same quantities wre used in a communicaitons model context to quantize the communications performance gain relativ to an RF reference system.
The cost and To obtain a single cost versus performance curve, we selected the mean performance gain between daytime and nighttime values for each of the three telescope diameters shown. We then minimized the cost for a given performance gain by optimizing over the telescope diameter. Further smoothing permits interpolation between the discrete values of diameter treated. Figure 4 summarizes the results of this process. The bracketed line regions of the curve correspond to regions where the identified telescope diameters are expected to apply.
Regions between correspond to interpolated diameters. 
Conclusion
This was done by relating available telescope cost data to a pair of parameters, the telescope diameter and a measure of telescope quality. These same quantities wre used in a communicaitons model context to quantize the communications performance gain relativ to an RF reference system. The cost and performance were then related through equivalent values of telescope diameter and quality. The final cost model then resulted by picking the telescope diameter (and associated telescope quality) which minimized telescope cost for a given amount of performance improvement.
performance were then related through equivalent values of telescope diameter and quality. The final cost model then resulted by picking the telescope diameter (and associated telescope quality) which minimized telescope cost for a given amount of performance improvement.
